31 March, 2009 (corrected) 



OU-HET 605/2008 
RIKEN-TH-131 



Dynamical Electroweak Symmetry Breaking 
in SO (5) X U(l) Gauge-Higgs Unification 
with Top and Bottom Quarks 



Y. Hosotani*, K. Oda*, T. Ohnuma* and Y. Sakamura^ 

* Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan 
"fRIKEN, Wako, Saitama 351-0198, Japan 



Abstract 

An SO{h) X U{1) gauge-Higgs unification model in the Randall-Sundrum warped 
space with top and bottom quarks is constructed. Additional fermions on the Planck 
brane make exotic particles heavy by effectively changing boundary conditions of 
bulk fermions from those determined by orbifold conditions. Gauge couplings of a top 
quark multiplet trigger electroweak symmetry breaking by the Hosotani mechanism, 
simultaneously giving a top quark the observed mass. The bottom quark mass is 
generated by combination of brane interactions and the Hosotani mechanism, where 
only one ratio of brane masses is relevant when the scale of brane masses is much 
larger than the Kaluza-Klein scale (~ 1.5 TeV). The Higgs mass is predicted to be 
49.9 (53.5) GeV for the warp factor 10^^ (10^''). The Wilson line phase turns out ^vr 
and the Higgs couplings to W and Z vanish so that the LEP2 bound for the Higgs 
mass is evaded. In the flat spacetime limit the electroweak symmetry is unbroken. 



1 Introduction 



The Higgs particle is the only particle missing in the standard model of electroweak inter- 
actions. It is necessary to induce the electroweak symmetry breaking, and is expected to 
be discovered at LHC in the near future. However, it is not obvious if the Higgs particle 
appears as described in the standard model. Its mass and couplings to other particles may 
deviate from those in the standard model. 

What we are going to learn from LHC experiments is, among others, the structure and 
origin of symmetry breaking. Both electroweak unified theory and grand unified theory are 
constructed with higher gauge symmetry, which, in turn, must break down at low energies. 
The mechanism of gauge symmetry breaking is the backbone of unification. For the first 
time in history we are going to directly see the mechanism of gauge symmetry breaking. 
In the current folklore this gauge symmetry breaking is supposed to be triggered by a 
Higgs scalar field. Unlike gauge interactions, however, there seems no guiding principle to 
regulate interactions of a Higgs field, including its self interactions and Yukawa couplings 
to fermions. Further there arises the gauge hierarchy problem when the standard model is 
implemented in grand unified theory. 

There are many scenarios proposed beyond the standard model. Besides supersym- 
metry, the Higgsless scenario and the little Higgs scenario, there is another intriguing 
scenario called gauge-Higgs unification in which the 4D Higgs field is identified with 
the extra-dimensional component of gauge potentials in higher dimensional gauge the- 
ory (see e.g. [H and references therein). Symmetry breaking is caused, at the quan- 
tum level, by dynamics of Wilson line phases in extra dimensions through the Hosotani 
mechanism. [31 HIE] Higgs couplings are controlled by gauge principle with a given spacetime 
background. 

Significant progress has been achieved in the gauge-Higgs unification scenario in re- 
cent years. Chiral fermions are naturally accommodated on orbifolds. [B] At low ener- 
gies the standard model is reproduced in models based on such groups as SU{3) and 
5*0(5) X t/(l).[7j-[T2] Besides the naturalness of the small Higgs mass may follow from 
gauge invariance associated with Wilson line phases. [12] 

In models in flat space the Higgs mass is predicted too small, typically one order of 
magnitude smaller than mw, and the WW Z coupling may significantly deviate from that 
in the standard model. One way out is to construct a model such that the Wilson line 
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phase takes a sufficiently small value by tuning matter content. [T2l[T^ In ref. [T3] an SU{3) 
model has been proposed by incorporating fermions in 3, 6 and 10 representations of the 
group. Scrucca et al. explored a model with localized kinetic terms for gauge fields to a 
heavy Higgs field. [9] It has been also discussed that models in six or more dimensions may 
help Higgs fields acquire large masses from self couplings. Antoniadis et al. discussed a 
model on M"^ x {T"^ /Z2). The very existence of Wilson line phases, however, implies flat 
directions in the Higgs potential at the tree level, resulting a light Higgs field. [TJ [13] 

The alternative way to resolve the difficulties is to consider the gauge- Higgs unification 
in the Randall- Sundrum (RS) space. [17]- [39] It has been argued that the Higgs mass picks 
up an enhancement factor given by the logarithm of the warp factor in the RS space so that 
the Higgs mass can fall in the LHC range for generic values of the Wilson line phase ^R.|21j 
Despite wave functions of W and Z get rotated in the group space at finite Oh, their proffie 
in the extra dimension remains almost fiat in the RS space, whereas substantial deformation 
results in flat space. As a consequence the WW Z coupling remains universal to high 
accuracy irrespective of the value of 6h in the RS space unlike the case in fiat space. [271 
[28] However, the WWH and ZZH couplings, where H stands for the Higgs field, are 
suppressed by a factor cos Oh compared with those in the standard model. [271 ISHl HQ] This 
is a distinctive prediction, and can be tested at LHC. There are also predictions for Yukawa 
couplings, [23] electroweak precision tests. [T5 |[33ll^j anomalous magnetic moments[l2] etc.. 

There remains a challenging task to incorporate quarks and leptons with dynamical 
electroweak (EW) symmetry breaking in the scheme. At low energies the quark-lepton 
content in the standard model must be reproduced with correct gauge couplings and mass 
spectrum. As a generic feature, fermion multiplets in gauge-Higgs unification tend to give 
rise to unwanted exotic light particles, which must be made heavy by some means such 
as brane mass terms. [TO] More importantly the presence of fermions is vital to have EW 
symmetry breaking. The fermion content must be such that it triggers EW symmetry 
breaking by quantum effects. 

To summarize, to include quarks and leptons with dynamical EW symmetry breaking 
with correct gauge couplings and mass spectra is a highly nontrivial task. An important 
step has been put forward by Medina, Shar and Wagner who proposed an 5*0(5) x f/(l) 
model in the RS space with fermions in 5 and 10 representations of S'0(5).[32j It has 
been shown that the presence of a top quark induces electroweak symmetry breaking. The 
fermion structure of this model is elaborated in order to pass the electroweak precision 
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tests, especially to obtain appropriate S and T parameters as well as the consistent Zbb 
coupling. Each generation follows from two 5 multiplets and one 10 multiplet in the bulk, 
where unwanted fields are made heavy by assigning a specific choice of boundary conditions. 
These boundary conditions can be achieved, even if one starts from the boundary conditions 
consistent with orbifolding, by introducing numbers of additional brane fermions in order 
to effectively modify the original orbifold boundary conditions to the desired ones for low- 
lying modes in the associated Kaluza-Klein towers. Note that the orbifolding by Z2 parity 
plays an important role to remove the gravitational instability due to having the negative 
tension brane on the orbifold fixed point in the Randall- Sundrum spacetime in addition to 
solving the Einstein equations. It can be checked that the boundary conditions in ref. [32] 
can be obtained from the orbifold ones by introducing 0(10) brane fermion multiplets 
for each generation. Although the success of the model is striking, there are many free 
parameters, which make the relation between the parameters in the Lagrangian and the 
low energy observables obscure. Therefore it is difficult to transparently see the theoretical 
structure when one further seeks simpler models. 

In the present paper we propose a model with simpler fermion content written in the 
form of a Lagrangian with natural boundary conditions dictated by the orbifold structure in 
the RS space as a prototype to clarify the above mentioned relation so that the electroweak 
symmetry breaking structure is transparent and the low energy fields can be explicitly 
written in terms of the bulk and brane fields, postponing the full analysis of the 5* and T 
parameters. The model is constructed to fit in with the criteria of ref. [13] for suppressing 
radiative corrections to the p (T) parameter and Zbb coupling. Everything should follow 
from the equations of motion, or the action principle. Brane fermions introduced on the 
Planck brane, through couplings with bulk fermions, effectively change boundary conditions 
of some of fermion components to push all unwanted exotic particles to the Kaluza-Klein 
mass scale. Quite interestingly the low energy physics does not depend on the values of 
various parameters introduced on the Planck brane except for one ratio of mass parameters 
which is fixed by rrih/mt. Furthermore, it is found that the effective potential for the Wilson 
line phase 6h is minimized at ±|vr as a consequence of gauge dynamics of heavy top quarks. 
At 6h = i^TT the EW symmetry is dynamically broken to U{1)-em and the WWH and 
ZZH couplings vanish at the tree level. With m^y and rrit given, the Higgs mass is predicted 
around 50 GeV. The LEP2 bound for the Higgs mass is evaded due to the vanishing ZZH 
coupling. The model predicts a light Higgs particle with a narrow width. 
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The paper is organized as follows. The model is specified in Section 2. The spectrum in 
the gauge-Higgs sector, which is known in the literature, is briefiy summarized in Section 
3 in the form suited for subsequent applications. In Section 4 the spectrum of fermions 
is analyzed by solving coupled equations of bulk and brane fermions. It will be shown 
how brane mass terms give rise to discontinuities in bulk fermions at the Planck brane, 
effectively changing boundary conditions there. Equations determining the spectrum take 
complicated forms in the presence of brane mass terms. The expressions are tremendously 
simplified when the scale of brane masses is much larger than the Kaluza-Klein mass scale 
mxK- It is found that the top mass rrit is generated by the Hosotani mechanism almost 
independent of brane masses, whereas the bottom mass is generated by combination of 
brane masses and the Hosotani mechanism. With the knowledge of the mass spectrum the 
effective potential for the Wilson line phase Vesidn) is evaluated to examine electroweak 
symmetry breaking in Section 5. It will be found that the contribution from a top quark 
dominates over those from the gauge fields such that the potential is minimized at 6h = 
i^vr and the electroweak symmetry is dynamically broken. Contributions from light quarks 
and leptons are negligible. In Section 6 the Higgs mass is evaluated. Section 7 is devoted 
to summary and discussions. 

2 50(5) X U{1) model 

The metric in the Randall-Sundrum (RS) warped spacetime|44] is given by 

ds^ = GMNdx^Ux^ = e-^''^y^ri^^dx^'dx'' + dy^ , (2.1) 

where 'q^y = diag (—1,1,1,1), (r{y) = a{y + 2L), and a{y) = k\y\ for \y\ < L. The 
fundamental region in the fifth dimension is given by < y < L, which is sandwiched by 
the Planck brane at y = and the TeV brane at y = L, respectively. The bulk region 
< y < L is a sliced AdS spacetime with a negative cosmological constant A = —Qk^. The 
metric is specified with two parameters, k and kL. In the gauge-Higgs unification scenario 
discussed below the W boson mass is predicted as mw{k, kL, 6h) where Oh is the Wilson 
line phase of gauge fields determined dynamically once the matter content is given. With 
rriw given, therefore, there remains only one parameter specifying the spacetime. In field 
theory in the Randall-Sundrum spacetime there appear Kaluza-Klein (KK) excitations in 
a tower for each particle, with the KK mass scale given by 

mxK = - nke-"' ■ (2.2) 
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We shall find that for e^^ = 10^^ (10^^), k = 4.72 x 10^^ GcV (5.03 x 10^^ GeV) and 
^KK = 1.48 TeV (1.58 TeV). The results in the present paper are insensitive to the value 
of k in the above range. 

We consider an S0{5) x U {l)x gauge theory in the Randall-Sundrum warped spacetime. 
The SO{5) X U {l)x symmetry is reduced to 5'0(4) x U (l)x by orbifold boundary conditions. 
The symmetry is further reduced to SU{2)l x U{1)y on the Planck brane. In the present 
paper we address neither a question of how the orbifold structure of spacetime appears with 
orbifold conditions, nor a question of how the symmetry further reduces to the standard 
model symmetry SU{2)l x U{1)y on the Planck brane. We imagine these happen at a 
high energy scale of O(Mgut) to O(Mpianck) as described below. 

The Lagrangian density consists of four parts. 

p /'gauge I /'scalcir _i_ /'fermion _i_ /'fermion (n n\ 

— ''-'bulk "T ''-'PI. brane ''-'bulk "r ''-'PI. brane ■ K^-'^l 

The bulk parts respect 5*0(5) x f/(l)x gauge symmetry. There are S'0(5) gauge fields Am 
and U{X)x gauge field Bm- The former are decomposed as Am — Z]az,=i^M^"^ + 
EL=i^m7^"^ + Eti^M^' where [a^.a^ = 1,2,3) and T- [a = 1,2,3,4) are 

the generators of 50(4) ~ SU{2)i^ x SlJ{2)ji and ,50(5)/50(4), respectively. >C™ is 
given by 

^gauge _ 1 c,(A)MJV t^{A) _ \ r^{^B)MN p{B) 

''-'bulk ~ 2 MN ^ MN \^-^) 

with the associated gauge fixing and ghost terms, where F^j^ — OmAn — On Am — 
i9A[AM, An] and F^l = ^m-Bjv - Sjv-Bm- 

The orbifold boundary conditions at yo = and yi — L for gauge fields are given by 

{x, yj -y)^ Pj l^^ ] {x, yj + y)Pr^ , 





{x, yj-y)= \ ^ (x, yj + y) , 



P, = diag(-1,-1,-1,-1,+1) (j = 0,l), (2.5) 

which reduce the SO{5) x U{l)x symmetry to 5'0(4) x U{l)x- We introduce a scalar field 
^{x) on the Planck brane which belongs to (0, ^) representation of SO(A) — SU(2)l x 
SU{2)r and has a charge of U{l)x. With 

>C^pT'brane = { " {D,^yD>^^ - A^($t$ - n^^} , 
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D^^ = d^^-t (^gA J2 ^TT""" + Y^m) * (2-6) 

aR=l 

the SU{2)r X U{l)x symmetry breaks down to t/(l)y, the massless modes of A^^, A^^, 
and acquiring large masses. Here 

Bm ) \s<f> C4, J \Bm J 

= / 2 , 2 ' '''t' = / 2 I 2 ■ ^2.7) 

We suppose that w is much bigger than the Kaluza-Klein mass scale, being of O(Mgut) to 
O(Mpianck)- The net effect for low-lying modes of the Kaluza-Klein towers of A^^, A?^, and 
A'^" is that they effectively obey Dirichlet boundary conditions at the Planck brane. We 
note that the effective change of boundary conditions occurs for components, but not 
for Ay components as seen from (12. 6p . This also conforms with the invariance under large 
gauge transformations which shift the Wilson line phase by a multiple of 2tt. We see in 
the subsequent sections, in a concrete manner, that a similar effective change of boundary 
conditions takes place for fermions as well. 

We remark that massive modes in the Kaluza-Klein towers of the Ay components are 
unphysical. Their spectrum, in general, depends on gauge-fixing conditions imposed. In 
the bulk we adopt the gauge-fixing in refs. [22| [23] so that the kinetic terms of the and 
Ay of S'0(5) X U{\)x become diagonal. 

On the Planck brane at y = one further adds a gauge-fixing condition (oc 5{y)) 
suitable for the gauge symmetry breaking SU{2)r x U{1)x — > U{1)y induced by the scalar 
field The most convenient choice is the standard gauge, in which the ghost fields 

in the bulk have the same boundary conditions and spectrum as the corresponding A^ 
components for w ^ Mkk- 

In our scheme the Ay components of SU{2)r x U{1)x are odd under parity around 
J/ = and obey the Dirichlet condition so that they do not enter into the gauge-fixing 
conditions at the Planck brane. It is possible to allow discontinuities in at ?/ = by 
enlarging the configuration space for Ay. In this case one may include discontinuities in Ay 
in the gauge-fixing condition at the Planck brane. This possibility is examined in ref. [2]. It 
is shown there the boundary conditions for Ay ai y = and the resulting spectrum depend 
on the gauge parameters introduced. In one limit (the ^ parameter in the bulk approaching 
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0) Ay obeys the Dirichlet boundary conditions at y = 0, whereas in another hmit oo) 
corresponding to the unitary gauge Ay obeys the Neumann boundary conditions which 
were adopted in ref. [32]. In this paper all Ay components are supposed to be continuous 
at the Planck and TeV branes. 

The resultant spectrum at low energies in the gauge sector is that of the standard model 
as discussed in detail in ref. [28j. There appear W, Z bosons and photons as massless gauge 
fields, and an SU{2)l doublet Higgs boson from the Ay component. The Higgs boson, 
which is nothing but a fluctuation mode of the Wilson line phase d^, is massless at the 
tree level, but becomes massive at the quantum level. We shall see below that the effective 
potential VesiOn) is minimized at 9h = i^^r due to a contribution from the top quark 
multiplet so that the electroweak symmetry breaks down to U{1)em- At the same time the 
Higgs field acquires a mass ~ 50 GeV. 

To describe top and bottom quarks we introduce two fermion multiplets in the vector 
representation of 5*0(5). In the bulk one has 

2 

a=l 

V{ca) = T^eA^' (dM + ^^A/Bc[r^, r^] - iqaAm - tqa^-Bu) - Caa\y) . (2.8) 

Here e^*^'s are tetrads and F^'s are Dirac matrices in the orthonormal frame. We take in 
the present paper 

1 



cr'- 



(^ = 0,1,2,3) , r^: 

a^ = {l,a) , ^^^ = (-1,^) . (2.9) 

The Ca term in (12.81) gives a bulk kink mass,[45j where CT'{y) = ke{y) is a periodic step 
function with a magnitude k. The dimensionless parameter Ca plays an important role in 
the Randall-Sundrum warped spacetime. The U{l)x charges are Q'l = | and q2 = —^^ The 
notation \E' = i\E'^r° has been adopted. The orbifold boundary conditions are given by 

^a{x, y, -y)= P,r^^,(x, y, + y) . (2.10) 

With Pj in (12.51) the first four components of are even under parity for the 4D left- 
handed (r^ = ~1) components. 
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To facilitate discussions below, it is useful to express the SU{2)l x SU{2)r content of 



an 5*0(5) vector The first four components ipk {k 
the fifth component ip^ to (0, 0). We define ip by 

^11 

>21 i'22, 



4) belong to 



^i, i), whereas 



V2 



{lp4 + # ■ T)iT2 




#3 + i'i 
itpi - tp2 . 



(2.11) 



which transforms, under an SU{2)l x SU{2)r transformation VLl ®^r, as ip' = VLl''P^r- 
(V'ii!'^2i)* and (V'i2,V'22)* form SU{2)l doublets. In the following we express components 
of \1/ as = (V"!!, V'21, V'12, V'22, ^s)*- With this notation, the two fermion multiplets contain 



^1 



B 

t 
b 



D 
X 
Y 

\b'/ 



(2.12) 



The numbers written on the side are values of the electric charge Qe = + + Qx- 
{T,B), (t,b), {U,D) and {X,Y) form SU{2)l doublets, ipi, which couples to through 
the Wilson line phase Oh-, is given by {'ipi2 — ■ip2i)/\f^- 

If there were no additional interactions on the branes, there would appear, before the 
electroweak (EW) symmetry breaking, massless modes in 4D in SU{2)l multiplets 



Q 



IL 




Q 



2L 



Q 



3L 




t', 



R ' 



, b'R. 



(2.13) 



Ul 

After the EW symmetry breaking by the Hosotani mechanism the top quark and extra b' 
would acquire finite masses, but other left-handed modes would remain massless. We want 
the top and bottom to acquire the observed masses, whereas other light modes to gain 
large masses of the Kaluza-Klein scale. 

We show in the present paper that the presence of brane fermions [10] on the Planck 
brane (at y = 0) cures these problems naturally. We introduce three right-handed multi- 
plets belonging to (|,0) representation of SU{2)l x SU{2)r; 

Tr\ ^ I Ur\ ^ I Xr 



XlR 



B 



X2R 



R, 



7/6 



D, 



X3R 



1/6 



(2.14) 



-5/6 



Here the subscripts 7/6 etc. represent the U{l)x charges of the corresponding multiplets. 
We write down a general SU{2)l x f/(l)y invariant brane action; 

^ a=l 

- XI (*"«*5aL - QLXafl) -/i(X2R 9^-^1x2/?) [ (2.15) 
a=l ' 

where in the kinetic term has the same form as in (12.61) with A^-rT"^ replaced by 
A'Ij^T"''^. There are four brane mass parameters, fia and fi, which have dimensions of 
(mass)^/^. In the subsequent discussions we suppose that /i^ and jj^ are much larger than 
the Kaluza-Klein scale mxK ~ 1.5 TeV, possibly being of order Mqut or Mpianck- It will 
be shown below that the only relevant parameter for the spectrum at low energies is the 
ratio /i/yU.2 so long as fi^, fi"^ ^ ^kk- 

In ref. [32] a model with top and bottom quarks residing in two 5 multiplets and one 10 
multiplet has been considered. It is assumed that the fermions satisfy boundary conditions 
differing from those obtained by simple orbifolding. It has been stated there that this 
change of boundary conditions can follow from brane mass interactions at the TeV brane. 
We show below by solving equations of motion that desired change of boundary conditions 
for low-lying modes in Kaluza-Klein towers takes place as a result of brane mass interactions 
at the Planck brane (12.15^ . keeping the custodial 5*0(4) symmetry at the TeV brane. 



3 Spectrum in the gauge-Higgs sector 

The spectrum in the gauge-Higgs sector described by C^^^^^ + Cp^^j.^^^ with (12. 4p and (12. 6p 
has been well spelled out in ref. [28]. In this section we summarize the results obtained 
there, which becomes necessary to evaluate the effective potential for the Wilson line phase 
Oh. 

The y coordinate in the Randall- Sundrum spacetime in (12. ip is suited for seeing the 
orbifold structure. In finding the spectrum of particles and their wave functions in the fifth 
dimension the conformal coordinate z = e^'^y^ is useful, with which the metric becomes 



If dz 



ds' = -Av,.dx^dx^ + — \ . (3.1) 
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The fundamental region < y < L is mapped to 1 < z < zl = e^^ . zl is called as a warp 
factor, which we will find to be around 10^^ to 10^''. In the bulk region < y < L, one has 
dy = kzd^^ -^y ~~ kzj\^ etc. 

The fifth dimensional component of gauge potentials Ay or has zero modes in the 
S0{5)/S0{A) part with generators {a = l,--- ,4); 



A:{x,z) = nx)j^^^--^z+ 



<^h{x) = ^ :^ 1 . (3.2) 




corresponds to the SU{2)l doublet Higgs field in the standard model. Without loss 
of generality one can assume that (0" ) = v 5°"^ when the EW symmetry is spontaneously 
broken. The Wilson line phase 6h is given by exp {|6'ff(2-\/2T^)} = exp {^iqa Ji^ dz {A^ )} 
so that 



Oh = 7;9av\ — . 3.3 

Here g4 = qa/VL is the four-dimensional SU{2)i gauge coupling constant. We remark 
that Oh is a phase variable so that physics is periodic in Oh with a period 27r. 

The spectrum is determined with Oh 0. Various components in 50(5) mix among 
each other. Following Falkowski. [29] we define basis functions for mass eigenmodes in the 
gauge-Higgs sector by solutions of the Bessel equation 



Vc?^^ zdz ) \S{z-\) 







C{zlA) = zl , C\zL-A) = ^ , 

S{zlA) = ^ , S\zl;\) = \ ■ (3.4) 

Here C = dC/dz and a relation CS' — SC = Xz holds. The Neumann and Dirichlet 
boundary conditions for A^ correspond to solutions C{zl; A) and S{zl', A), respectively. The 
dimensionless eigenvalue A is related to a 4D mass by m = A;A. As the scalar interactions 
on the Planck brane at ^ = 1 effectively change the boundary conditions there, it is most 
convenient to use the base functions C and S defined with boundary conditions at z = z^ 
as in (13. 4p . They generalize trigonometric functions in flat space, and are given in terms 
of Bessel functions by 

C{z; A) = ■^>'ZZl Fifl(Xz, Xzl) , C\z] A) = -^^^zzl Fq^^Xz, Xzl) , 
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5(z;A) = -|AzFi,i(A^,Azl) , S'iz; X) = -^X'z Fo,iiXz, Xzl) . (3.5) 
Here Fa^j^iu^v) is defined as 

F^^p{u,v) = Jo,{u)Yp{v)-Y^{u)Jp{v) (3.6) 
which is the same as in ref. [28]. The relation Fa^a-i{u.,u) = 2/ttu has been used in (13.51) . 

3.1 KK towers of 4D gauge fields 

(i) (1l, Ir, i), (2l, 2r, 2) components (W^-tower) 

With Oh 7^ 0, three components v4j^^, A^^, and AJJ (a = 1,2) mix among each other. 
The mass spectrum m„ = kXn is determined by 

C(1;AO = , (3.7) 

2^(1;A„)(:7'(1;A„) + A^sin^^H = (VT tower). (3.8) 

The spectrum (13. 7p contains only massive modes. The spectrum (13.81) . which depends on 
Oh, contains a W boson as the lowest mode Aq. When the warp factor zl = ^ 1, 
one finds that XqZl <^ 1 for any value oi Oh- Employing approximate formulas for Bessel 
functions, one finds that the W boson mass is given by 

^ -kL \ ■ n \ ^KK 



mw ^ \l Y e |sin6'j|/|~ — -^{smOnl ■ (3.9) 



Later it will be found that the effective potential is minimized at Oh = l^r. Hence, we find 
that for e''^ = 10^^ (10^^), k = 4.72 x 10^^ GeV (5.03 x 10^^ GeV) and tjikk = 1.48 TeV 
(1.58 TeV). 

(ii) (3l, 3/j, 3, B) or (3^, 3, Y) components (7- and Z-towers) 

Four components A^^, A^^, A^^, and i?^ mix among each other. The spectrum is given 

by 

C"(l; A„) = (photon tower), (3.10) 
C(1;A„) = , (3.11) 
25(l;A„)C"(l;A„) + A„(l + 4)sin2^^^ = (Z tower). (3.12) 
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Here is defined in (12.71) . The spectrum (13.101) contains a zero mode Aq = 0, corresponding 
to a photon. The spectrum (I3.12p contains a Z boson, whose mass is given by 

f^Z ~ 7. — 5 COSO'iy = — j^=^= . (3.13) 



COs6'iy 



The approximate equahty is vahd to the 0(0.1%) accuracy for rriKK = 0(TeV).[28] Notice 
that the Weinberg angle 6w is almost independent of 6h, which is not the case in the 
corresponding model in flat spacetime x [S^/Z2). 

We would like to add a comment on wave functions. The profile of the photon wave 
function in the fifth dimension is exactly constant. The W and Z wave functions are 
almost constant in the fifth coordinate except for the vicinity of the TeV brane, though 
they have significant 6h dependence in the weight of the 5*0(5) group components. It has 
been known that the approximate flatness in the fifth dimension assures the universality 
in the WWZ, WWWW and WW ZZ couplings, whereas the nontrivial Oh dependence in 
the group space leads to the deviation of WWH and ZZH couplings from those in the 
standard model. ESI EI] In the fiat space the W and Z wave functions acquire significant 
dependence on the fifth coordinate when 6h becomes 0(1), which leads to the deviation 
of WW Z coupling from that in the standard model. [2E] 

(iii) (4) component 

The spectrum of is given by 0(1; A„) = 0. It contains only massive modes. 
3.2 KK towers of 4D scalar fields 

Mode functions of the extra-dimensional component satisfy, in place of (13.41) . 

i!l-iiL + 4 + A^)f<^'^-^^)Uo . (3.14) 

dz^ zdz J \S'{z-X) J 

The Neumann and Dirichlet boundary conditions for Az correspond to solutions S'{zl] A) 
and C'{zl; A), respectively. In classifying the spectra for A^ it is convenient to introduce 



A-- "7! U^-^?" 



(a =1,2,3). (3.15) 



(i) (ly, 2y, 3y, B) Components 

The spectrum is determined by 0(1; A„) = 0, which contains no zero mode. 
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(ii) {ttA, a) (a = 1, 2, 3) components 
The spectrum is given by 

S{1; Xn)C'{l; Xn) + A„ sin^ = . (3.16) 

We note that this spectrum is obtained for Az satisfying the orbifold boundary conditions 
which are not modified by the additional dynamics on the Planck brane described by (12.61) . 
As described in section 2 and ref. [28J, it is related to the large gauge invariance. The 
spectrum for this part is different from that used in ref. |32j . 

(iii) (4) component (Higgs tower) 

The spectrum is given by A„S'(1; A„) = 0. There is a zero mode Aq = 0, corre- 
sponding to the physical neutral Higgs field 0^ in (13. 2p . It acquires a finite mass quantum 
mechanically by the Hosotani mechanism. 

3.3 KK towers of ghost fields 

The free part of the equations obeyed by the ghost fields in the bulk are the same as for the 
Afj^ part. The boundary conditions obeyed by the ghost fields for the group components 
outside SU{2)ji x U{1)x/U{1)y are obviously the same as for the A^. Even for the group 
components in SU{2)r x U{1)x/U{1)y, as explained in Section 2, the ghost fields obey 
the same boundary conditions at the Planck brane as A^, once the gauge is adopted 
on the Planck brane. Hence in this gauge all components of the ghost fields have the same 
spectrum as the corresponding A^. 

4 Spectrum of fermions 

The fermion spectrum is found in a similar manner. The presence of boundary interac- 
tions on the Planck brane (I2.15P among bulk fermions and brane fermions XjT? induces 
discontinuities in a part of the bulk fermion fields. It also effectively changes boundary 
conditions at the Planck brane, yielding a desired mass spectrum. The role of brane mass 
terms for making exotic fermions heavy was discussed by Burdman and Nomura several 
years ago.[TU] We shall see below how this is achieved by solving equations of motion for 
both bulk and brane fermions. 
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4.1 Basis functions 



Before writing down full equations in the presence of a non- vanishing Wilson line phase Oh-, 
let us recall the basic structure of Dirac equations in the absence of gauge interactions. In 
the Randall-Sundrum spacetime the rescaled spinor field in the bulk, ^> = e~^'^\l' = 
satisfies a simple equation. If there were no brane interactions, it would obey 

= , (4.1) 





DUc 



, , d c , , 

D±{c) = ±- + - . 4.2 
az z 

Here c is the bulk mass parameter, and ^ (^l) represents right-handed component with 
= +1 (left-handed component with = —1). The parity of at the brane is opposite 

to that of \E'l. Without brane interactions the component with even (odd) parity satisfies 

a Neumann (Dirichlet) condition there. Neumann conditions for and are given by 

L)_(c)^R = and D+(c)^l = 0, respectively. 

In the rest of the present paper we always discuss fermions in terms of rescaled fields 
To simplify expressions we henceforth drop a symbol check Repeated use of the 

equation (14. ip gives 

{9^- A;^Z}+(c)D_(c)}^^ = , 

{9^ - A;2d_(c)D+(c)}^l = . (4.3) 

Taking into account the fact that there are brane interactions at the Planck brane at z = 1, 
we define basis functions for fermions as 

^ ^\Sn{z;X,c)J 

^ ^ \Sl{z;X,c)J 

Cr = Cl = 1 , D4c)Cr = D4c)Cl = , 

^^ = ^^ = , D4c)Sr = D4c)Sl = X atz = ZL. (4.4) 
Explicit forms of these functions are given by 

TT 

CL{z;X,c) = +-Xy/zzJ^F i _i{Xz,Xzl) , 
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TT 
TT 

I c ^,c+^ 

TT 

Sr{z]\,c) = +-\^/zzlF I i{\z,\zl) , (4.5) 

Z c ^ 

where F^^p is defined in (13.61) . These functions are related to each other by 

-<^'©- ft) 

Sl{z; X,-c) = -Sr{z] X,c) , 

CLCR-SLSn = l . (4.6) 
4.2 Equations and the spectrum 

To find the spectrum resuhing in the theory with (12. 8p and (I2.15p . we start with writing full 
equations. Recall that the Wilson line phase 9h mixes {B, t) with t' in the Qem = | sector, 
and {D,X) with b' in the Qem = — | sector, respectively. The brane mass interactions 
connect B to Br, U and t to Ur, in the Qem = | sector, whereas they connect D and b to 
Dr, and X to Xr, in the Qem = — | sector. 

Strategy for solving equations in the presence of 6'^^ 7^ is to first move to a new twisted 
gauge in which the background field vanishes, = 0, as described in refs. [28] and [29] . 
This is achieved by 

n{z) = exp{i^(^)V2T^} , 



z1 — z^ 



[z) = ^-^Qn 

'-■J -L 



^ = fi(z)^ . (4.7) 
Note that Q{\) = Oh and VL{zl) = 1. In the standard vectorial representation \1' = 



16 



{ipi, ■ ■ ■ , V's)*) ^{z) takes the form 



/I 



\ 



1 



c = cos 6'(2;) 
s = sm9{z) 



c s 

In the twisted gauge the equations in the bulk are the same as in free theory, whereas the 
boundary conditions at the Planck brane ai z = 1 become more involved. In the basis 
{B, t, t') employed in fl2TT]) and fl232D 



i 




1 + c) 



1(1- 
V 75' 



1 „ 



C 



(4.9) 



A similar relation applies to 6'). 



(i) <5em = I sector 

In the two component basis there are T^, Tr and Tr in this sector. As there is no 
coupling to Bu, T = T. The parity assignments of the bulk fields are Ti{+, +), Tr{—, —). 
With (12. 8p and (12.151) equations of motion are given by 

adTR-kD+{ci)TL = Q , 



adfn - fiiTi = 



(4.10) 



Recall that D± = (e /k){±d/dy + cda/dy) in the y coordinate. Integrating the first 
equation from y = —e to y = +e and making use of Tr(x, —y) = —Tji{x, y), one finds 



T, 



R\y=e 



-T, 



R\y= 



Tr{x) 



(4.11) 



that is, parity-odd Tr develops a discontinuity at the Planck brane. Inserting ( 14. lip into 
the second equation in (I4.10p and making use of the third equation in (I4.10p . one finds 
(fcD+(ci) — iJi\)Ti = at ?/ = e. The boudary conditions for the bulk field are thus 
given by 



at z 



(4.12) 



{ D+{c^)Tl = 



at z = zl ■ 



17 



Boundary conditions for Tr are given by (14.111) and Tii\z=Z[^ = 0, which follow from fl4.12p 
and flCTj) . 

In the bulk region 1 < z < z^, and Tr satisfy free equations. Mode functions are 
obtained with an ansatz T^ ji = e^P^UL,R{p)fL,R{z) for each mass eigenstate. fL,R{z) satisfy 
D^/l = X/r and D^/r = A/l so that Tl and Tr satisfy (14. 3p . The boundary condition 
(I4.12P at z = zl implies that oc Cl{z; X,ci). The boundary condition at z = 1 is 

then satisfied if 



(1) 



2k 



. 



(4.13) 



where S^^^ = S'r(1;A,Cj) etc.. If there were no boundary interaction (/ii = 0), then the 
spectrum contains a zero mode (Aq = 0). For ^\/2k ^ A the second term dominates 
over the first term. The lowest mass mo = /cAq determined by (7^(1; Ao,c) = is at the 
Kaluza-Klein mass scale for c > 0. In other words, as long as ix\ ^ ^kki the mass of the 
lowest mode is O(mKK) for ci > 0. 

Here we have been observing an effective change of boundary conditions. The Neumann 
condition corresponding to XSrO-'-, A, c) = changes to the Dirichlet condition correspond- 
ing to Cl(1;A,c) = for low-lying modes in the Kaluza-Klein tower. We note that for 
c < — I the lowest mass value becomes non- vanishing, but remains small. 

(ii) Qem = f sector 

In this sector six fields U, B, t, t', Ur and Br mix with each other. In the basis (i?, t, t') 
the Wilson line phase Oh gives a background field 

/ 



• AC 



-1\ 

1 



(4.14) 



We note that —igA 
are given by 

ad 

tL 



V -1 

{dW / dz)VL. With (I4.14p equations of motion in the original gauge 



D 



(1) 



71" 



£,(1) 







(Ur\ 




(i^2Ur\ 






Br 

tR 




A Ur 


D^l^ ) 




Vr) 




\ ) 
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ad 



fUn\ 

Br 

tR 

V'n/ 



-k 



(1) 



D 







1 a 

1 a 








Bl 




. 









Bl 
V'l/ 



(4.15) 



Here D^l^ 



D±{cj). Recall that Ul, -Bl, and t'^ have parity (+, +) whereas Ur, Br, 
tR and t'j^ have parity (— , — ). Integrating the first equation above from y = —e to y = +e 
and making use of the odd nature of Ur, Br and tR under parity, one finds 



UR\y=e 

Bf 



B 



R 



t 



R\y=e 



^Ur 



(4.16) 



Another parity-odd field t'^ satisfies t'i^\y=^ = as it follows from the second equation in 
f l4.15p . Ur, Br and tR develop discontinuities at the Planck brane, but t'^ does not. 

Now to find boundary conditions for UL,BL,tL at y = {z = 1) we insert (14.161) into 
the second equation in (I4.15P and use the third equation in (I4.15p . Noting that t'j^ vanishes 
there, one obtains 



2k 



{fi2UL + fltL) = 



t'r. = 



2k 



{^■2Ul + ^-ti) = , 



(4.17) 



at z = 1, and 



DfUL = D)l>BL = D)l>tL-.L 



t'r, = 



(4.18) 



ai z = zl. 
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At this stage we move to the twisted gauge defined in (14.71) and (14 .Qp in which the bulk 
fields satisfy free equations. Taking into account the fact that = t'^ = at 2; = z/,, we 
find that 

DfijL = D^I^Bl = D^IHl = = (4.19) 
aX z = zl. Making use of (14. 9 p and (14.170 . we find 

SH{BL-iL)-V2cHt'L = ^ , 

(^?'-i)^.-i^(^.^f.)^i^(^.-«^o, 

+V2shD''_^Hl = (4.20) 

at 2; = 1 where ch = cosOh and sh = sinOH- All the fields satisfy free equations. With 
the boundary conditions (I4.19P at z = z^, mode functions can be expressed as 

Ul = auCiiz] A,C2) , 
BL±iL = aB±t Cl{z\ a, ci) , 

t'^ = at.SL{z-\c^) . (4.21) 

Eigenvalues for A are determined by the boundary conditions (I4.20p at 2; = 1. Inserting 
(I4.2ip into (I4.20p . one finds after lengthy but straightforward manipulation that 

AAi(A) + ASi(A) siYi^eu = , 

5i(A) = -|iy(A^4^^4^^ - A^^iVf - A/^4%g) + ^Ci^c^^') (4.22) 

L 

where S^^^ = S[i{l; A, Cj) etc.. 

When boundary masses and fl vanish, (14.221) reduces to 

ASl,"-A(s« + S^).ASg'=0. (4.23) 
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The first and third factors correspond to the KK towers of t + B and U, respectively. The 
second factor, yielding S^^^ S^j^^ + sin^ 6h = for 6h 7^ 0, gives a spectrum of the KK towers 
oit — B and t' . The zero mode oit — B acquires a mass by 7^ 0, but the zero modes of 
t -\- B and U remain massless. With nonvanishing boundary masses these unwanted hght 
modes acquire masses of 0{mxK) for Ci, C2 > 0. 



I sector. Six fields 



(iii) Qem = -| sector 

This sector has a similar structure to that in the Qem 
b, D, X, b', Dp; and Xr mix with each other, bp, Dp, Xp and 6'^ have parity (+, +) whereas 
b^, Dr, Xr and 6'^ have parity (—,—). Equations of motion are given by 



ad 



ad 



(bA 




(D 


Dl 
Xl 


-k 








\ 


(bR) 




(d 


Dr 
Xr 


- k 








\ 



\ 



(2) 



D 



(2) 



D 



7-/ 

£,(2) 



(2) 



D 



D 



(2) 



/bR\ 

Dr 
Xr 

fbA 

Dl 
Xl 



Dr\ 

IJ'2Dr 

fJ'SXR 

\ / 



0, 





. 



^Dn 
2 



/^2 



(bL\ 

Dl 

\xj 

This time bR, Dr and Xr develop discontinuities at the Planck brane: 

bR\y=e = 
DR\y=e 
Xr I y=e 

With (I4.25P boundary conditions for the left-handed bulk fields are found to be 

D+bL-^{fibL + lX2DL)=0 , 
D+DL-^{fxbL+fl2DL)=0, 



(4.24) 



D 



R 



(4.25) 
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D^^X, - g ■ /^3X. = , 

&L = , (4.26) 

at z = 1, and D^^\l = = D^_^^Xl = b'j^ = at z = zl- In the twisted gauge, mode 

functions are expressed, as in fl4.2ip . as 

II = abCiiz] A,ci) , 

± -^L = a'D±x Cl{z; A, C2) , 
b'L = at>SL{z;X,C2) . (4.27) 

The boundary conditions at 2; = 1, (14.261) . are satisfied if 

AA2(A) + A52(A) sin^^^^ = , 

^(A) = (A4^^-|c^f)K'^^ 



^ 2k ^ ^ 2A; ^ ^ ^ ' 



B^W = ^(^^4"SS?' - A^^4"cf - A|ci"sg' + ^Ci"cf •) . (4.28) 

There is a subtle difference between the Qem = | and — | sectors. The expression 
(I4.28P can be obtained from (I4.22p by formally interchanging (ci,C2), (/ii,/i3), and (/i2,/i)- 
X2i?, which was introduced to lift the lowest mode of Q2L = {Ul, Dl) of ^2 to the KK scale 
with the mass term /i2, also couples to qi = {tL^hi) of with the mass term jl. It is, 
therefore, natural to suppose that jj? <^ We will see below that this leads to nib -C rrit 
as desired. 

(iv) Qem = -| sector 

Y and Yr belong to this sector. Equations of motion are obtained from (I4.10p by 
replacing (T,Tu) by (F, Yr), and (ci,/ii) by (c2,/i3). The spectrum is determined by 

4.3 Top and bottom masses 

The fermion mass spectrum is determined by the relations (14.130 , (I4.22p , (I4.28P and (14.290 . 
The brane mass terms are expected to emerge when the RS warped spacetime is generated 
at high energy scale. Even though we do not know how they emerge, it is natural to 
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imagine that all fij and /i^ are at that high scale, namely of O(Mgut) or O(Mpianck)- 
What we need and assume in the present paper is much more modest. We only suppose 
that ^ ^KK- It will be seen below that the only relevant parameter for low energy 

physics is /i//i2 in this case. 

For low-lying modes in the Kaluza-Klein towers m = Xk <^ fi'j so that (14.130 and (I4.29P 
in the Qem = f; ~| sectors are approximated by c|^'* = and C}^'' = 0, respectively. The 
lowest mode in each sector has a mass of O(mKK) for Cj > 0. 

In a similar manner the relation (I4.22p in the Qem = § sector is approximated by 

^(1) 



f^iCr<Si^ + '^\+l^^C^^S^^^ = 0. (4.30) 



2S 



(1) 

L 



The first one gives a KK tower of {B,Bji). The second one contains towers of {t,t') and 
{U, Ur). It is found below that rrit and rrih can be reproduced if Ci ~ C2. In the limiting 
case ci = C2 the second one splits into = for (f/, (Jr) and 

~ 2 

2(1 + + sin^dH = (4.31) 

for {t, t'). Notice the appearance of a factor 2 in (14.311) compared with the similar expression 
in the middle of (14.231) due to the brane interactions. 

The spectrum determined by (I4.30p contains one light mode, namely a top quark. For 

Azl < 1 and < c < i, Cl(1; A, c) ~ z£ and 5*^(1; A, c) Az]^+7(1 + 2c). Making use of 

these relations, one finds the top quark mass, = Xk, to be given, for < Ci, C2 < |, by 



mt 



rriKK ^/l - 4:c1\ sine h\ 

.2 . ^ 



/i2 1 - 2C2 



r.2 



^ a^Jl-^dl sin 9h\ for ^ ^"'^^^ « 1 . (4.32) 
v27r ^ /^2 

With = ±|7r, we find Ci ~ 0.43 for mt = 172 GeV. 

The spectrum in the Qem = — | sector is obtained in a similar manner. (I4.29P is 
approximated by 

= 0, 
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H 



(4.33) 



There exists one light mode, which is identified with the bottom quark. Its mass is given, 
for < Ci, C2 < |, by 



mKK 



4c2 I sin Oh \ 



TT 



2c. 



'2 ^2(c2-ci) 



1/2 



1 + 2C2 

l + 2ci 



/i 



/i2 



^Ci-C2 



(4.34) 



which justifies the approximation employed in (14.321) . |ci — C2I must be small to get a 
reasonable value for fl/fi2- In the most attractive scenario ci = C2, which results if all t, t' , 
b, and b' belong to one single multiplet in a larger unified theory, one finds that 



fx 



1^2 



< 1 . 



(4.35) 



We stress that only the ratio /i/yU2 among the brane masses is relevant for rrib. Individual 
values of the brane mass parameters are irrelevant so long as they are much bigger 

than rnxK- To have non-vanishing we need both 6h ^ and /i 7^ 0. bi in ^1 must be 
connected with b'p, in \I'2. 

One may wonder if there are other values for ci and C2 to reproduce rrit and rrib. In the 
cases < Ci < i < C2 and —^<C2<0<Ci<^, one obtains the same relation for rrib/mt 
as the second relation in (14.341) . which demands unnaturally large /i//i2 as zl ~ 10^^. In 
the current scheme, the observed rrit and mi, are realized only for < Ci, C2 < ^. 

It is straightforward to incorporate light quarks in the first and second generations. For 
each generation two 5 multiplets and associated brane fermions are introduced. The bulk 
mass parameter ci = C2 = c and brane masses /ii,/i2,/^3 and jl take values depending on 
the generation. As their masses are much smaller than my/, it will be found that c > |. 
The spectrum is determined by the equations (l4.3Up and (I4.33p . For up- and down-type 
quarks we find, for c > that 

TTT-KK V 4c^ — 1 1 sin 9h I 



m 



up 



72' 



TT 



1 + - 
/^2 



r,2\l/2 1 
ft \ c- 



ii 

At2 



m 



up 



(4.36) 
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With 9h = ±|7r and zl = 10^^ we find c ~ 0.653 and 0.853 for rric = 1.4 GeV and 
m„ = 4 MeV, respectively. A similar construction is done for leptons by putting (e^, z/^, e^) 
and z/£ in and \l/2, respectively. Large hierarchy in fermion masses can be naturally 
explained by modest distribution in the bulk mass parameter c, as was pointed out in ref. 
[16] in general context and in ref. [23] in the gauge-Higgs unification scenario. 

5 Dynamical EW symmetry breaking 

The value for 6h is determined by the location of the global minimum of the effective 
potential VesiGn), which becomes nontrivial at the quantum level. [3] When 6h takes a 
nontrivial value, the standard model symmetry SU{2)l x f/(l)y dynamically breaks down 
to ?7(1)em- In pure gauge theory without fermions the symmetry remains unbroken. We 
shall show below that the presence of a top quark induces the symmetry breaking. 

The evaluation of the effective potential VesiOn) in the RS warped spacetime was ini- 
tiated by Oda and Weiler.[22] Since then a powerful method for the evaluation has been 
developed by Falkowski. [2^ Concrete evaluation in the gauge-Higgs unification models of 
electroweak interactions in the RS spacetime has been given in refs. [3^ and 

The effective potential Ves^On) at the one loop level is determined by the dependence 
of the mass spectrum on 6h- We have seen in the preceding sections that spectra in 
both gauge-Higgs and fermion sectors are determined by zeros of equations of the type 
A{X) + B{X)f{9H) = 0. For gauge fields and fermions in the vector representation, we have 
seen fiOn) = sin^^^j/(= For matter fields in the spinor representation one finds 

fi^n) = sin^ ^6h- (See, for example, refs. [2^ and [28].) 

We rewrite the equation in the form 1 + Q{\)f{9H) = (Q = B /A), which yields a 
spectrum {XniQu)}- Then one-loop contribution to Kff(^i?) coming from particles with 
masses mn{OH) = fcA„ is given by 





Hn[l + Q{q)f{eH)] , 



Q{q) = Q{iqzl^) . 



(5.1) 
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Here ± corresponds to bosons or fermions, and 6'//-independent constant terms have been 
ignored. It will be seen below that the integral is dominated by the integrand in a range 
< g < 10. 



5.1 Contributions from the gauge field sector 

The W tower, fl3.8p . the Z tower, fl3.12p . and the scalar tower, fl3.16p . with associated ghost 
contributions, contribute to VeslOn)- Let us define 

tv) = --e*("-^)'^/2^„,^^n, v) (5.2) 
vr 

where and Ka are modified Bessel functions and F^^p is defined in (13. 6p . The effective 
potential is given by 

Kfr(^H)™ = 2 ■ 2 ■ I[\Qo{q, i); Wh)] + 2 ■ + 4)Qo(g, |); Wh)] 

+3-/[go(g4);/i(^^/)] ' 

Qo(g,c) 



2' 2 ^2' 2 

h{eH) = sin^eH . (5.3) 

The behavior of Kfr(6'_f/)^^"^^ is depicted in fig. [H It has global minima at = and vr. 
SU{2)l X f/(l)y symmetry remains unbroken in pure gauge theory. 

The fiat spacetime limit k ^ of Vcs^Oh)^'^^^'^ is obtained by replacing kz^^ ~ "^kk/tt 
by and Qo{q, |) by Qfiatiq) = 1/ sinh^ g. The shape of V^g^^^ in the RS space is similar 
to that in fiat space. The magnitude of U^^^^^ = (47r)^(/cz^^)~^ "^'^ in RS is reduced 
compared to that in fiat space by a factor 2/kL. 

5.2 Contributions from the fermion sector 

In the fermion sector the spectra in the Q = | and — | sectors, (14.22P and ( 14.280 . yield 
non-trivial contributions to Vesidn)- Q is given by Bi/Ai or B2/A2 in each sector. When 
there were no boundary masses, /Xj,/2 = 0, then Q would take the form l/S^^^'S^^ {j = 1, 2). 
It immediately follows that 



T / f O \ fcrmion 



lij ,fi=0 



-4|/[Qo(g,ci);/i(eH)]+/[Qo(g,C2);/i(M]} • (5-4) 
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Figure 1: The effective potential Kff(^H)^'^"^'^ in pure gauge theroy without fermions. The 
plot is for [/s^^g^(^H/vr) = (47r)2(A;2^i)-4 at Zl = 10^^ 

Here the factor 4 accounts for the number of degrees of freedom. We have seen that 
Ci ~ 0.43 for the top quark multiplet. With this value the magnitude of the contribution 
from the top quark multiplet {—4I[Qq; fi]) is three times larger than that of Ves{6H)^^^^'^ 
in (15.31) . The global minima are found at 6h = ±|7r, which implies the EW symmetry 
breaking, although with vanishing fij,fi there appear unwanted massless particles. We 
remark that a contribution I[Qo{(l,c)] fi^Ofj)] becomes negligible for c > 0.6 compared 
with the gauge field contributions. As a consequence contributions from light quarks and 
leptons become negligibly small in the RS space. 

To get Qj{q) for fij,fl ^ from Qj{X) = Bj/Aj, it is sufficient to make replacement 

A iqzl^ , 

CrJ <=±2'^=F2 

The resultant expressions for Qj{q)'s are not illuminating. When ^ ttikk, they 

tremendously simplify. In particular for Ci = C2 = c they become 

The approximation is valid for q <^ fi'j/rriKK, P^'^/f^KK- As Qj{q) becomes negligibly small 
for q > 10, the expression (15. 6p can be safely used in the integral I[Qj{q), fi^On)] for 
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Figure 2: The effective potential Kff(^H) in the model with top and bottom quarks. The 
plot is for W°^''^\9h/tt) = {4:Tc)'^{kz^^)~^Ve{{ at zl = 10^^. Contributions from light quarks 
and leptons are negligible. The global minima are located at 9h = and |7r, where the 
EW symmetry dynamically breaks down to U{1)em- 



numerical evaluation. One finds 

1 



1 fermion 



-4 / 



2(1 + r 



-Qo(g,c);/i(^//) 



+ / 



L2(l + r 



-Qo(g,c);/i(^H) 



^4 



(5.7) 



As r <^ 1, the first term in (15.71) coming from \E'i dominates. The factor | in the argument 
of I is due to the fact that t' couples through 9h to ■ip4, = (t — B)/ ^/2, and the B component 
becomes heavy. As for the \1'2 contribution, both D and X, the partners of b', become heavy 
so that no component except for a small mixture of b characterized by a factor r remains 
light. This accounts for the difference between (15. 4p and (15.71) . 



5.3 Symmetry breaking 

The total effective potential Kff(^H) is the sum of \4fr(^H)™ in (O and 14ff(^H)^^™'°° 
in (15.71) . It is displayed in fig. [2l With c ~ 0.43 the top contribution dominates over 
others. Vcs{9h) has global minima at 9h = ±|7r, where the EW symmetry dynamically 
breaks down to U{1)em- The contributions from other quarks and leptons are negligible, 
as the corresponding bulk mass parameters c range from 0.6 to 0.9. [25 We conclude that 
the presence of a heavy top quark triggers EW symmetry breaking. 

The effective potential Ves{9H) depends on the parameter z^. There are two critical 
values for zl- As zl is decreased, the value of the bulk mass parameter c also decreases 
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to reproduce the observed rrit. At Zl = 9.4 x 10^ = zj}, which corresponds to k = 
2.3 X 10^ GeV, c becomes 0. For zl < zjj^ there exists no solution with the observed rrit. 
One can set c to be and examine the behavior of Kfr(^H) for zl < z'f^. It is found that 
for Zl < zf' = 905, the global minima of Kg (6'//) shift to = and vr so that the EW 
symmetry is unbroken. One may take the flat space limit {k 0) with the bulk mass ck 
kept fixed. In this case c ^ cxd as A; ^ so that contributions of fermions to the effective 
potential are exponentially suppressed. We conclude that the EW symmetry is unbroken 
in fiat space in our scheme. 

We would also like to remark that if fermions were introduced in the spinor representa- 
tion of 5*0(5), then there would be no EW symmetry breaking. In the effective potential 
fermions would give fiOu) = sin^ ^9h in the expression (15.11) so that the global minimum 
would appear either at = or vr. 



6 Higgs mass 



The four-dimensional Higgs field (13. 2p acquires a finite mass at the one loop level. The 
physical neutral Higgs field (j)'^ = (pn is related to the Wilson line phase by (13.31) . 
The effective potential Vcs{9h) evaluated in the previous section translates to the effective 
potential for the Higgs field (pn- By expanding Ves around the minimum one obtains 

1 



Vcs = const. + ^mjj{(f)H - v)"^ + 



m 



H 



4^KK del 



We recall that 



) 



26h rriKK 



9 



H 



rriw ■ 



(6.1) 



(6.2) 



ttQa VkL 5-4 I sin 61^1 

The relation between v and mw deviates from that in the standard model by a factor ^vr 
at the global minimum 9h = i^^r. 

Inserting (15. 3p and (15. 7p into (16. ip . we find 

gjkLml^y^ 



6477^ 



4G[igo(g, \)] - 2G[1(1 + 4)Qo(g, \)] - 3G[go(g, \)] 
1 



2(1 + r) 



Qo(g,c) 



+ 4G 



r 



2(1 + r) 



Qo(g,c) 
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Zl = e''^ 


k (GeV) 


mKK (TeV) 


c 


mu 




5.0 X lOi^ 


1.58 


0.438 


53.5 




4.7 X lOi^ 


1.48 


0.429 


49.9 


1013 


4.4 X 1015 


1.38 


0.417 


46.1 


IQio 


3.9 X 1012 


1.21 


0.388 


39.9 


10^ 


2.7 X 10^ 


0.86 


0.226 


26.9 


9.4 X 10^ 


2.3 X 10^ 


0.76 


0. 


23.5 



Table I: The Higgs mass m}j. With the value of zl given, /c, mxK? c and ttlh are determined. 
Input parameters are niw = 80.4 GeV, ay/ = 0.0338 and rrit = 172 GeV. For z^ < 9.4 x 10^ 
there is no value for c which reproduces rrit. For zl < 905, Vcs{6h) with c = is minimized 
at 6h = 0,7^ so that the electroweak symmetry remains unbroken. 

The contribution from the bottom quark (the last term in the parenthesis) to is negligi- 
ble. With numerical values mw, rrit, O-wijuz) = gl/4:H = 0.0338 and zl = 10^^ {kL = 34.5) 
given, one finds that A; = 4.7 x lOi^ GeV, m^K = 1-48 TeV, c = 0.429, and tuh = 49.9 GeV. 
The numbers are tabulated for various values of zl in Table. [H 

With mw, rrit, rrib, aw and zl = e^^ given, all other relevant parameters at low energies 
are determined. The effective potential is minimized at Oh = i^vr where EW symmetry 
spontaneously breaks down. We stress that the Higgs mass mn is mostly determined by 
mw, Oiw and vrit. 

It is seen that the Higgs mass is predicted around 50 GeV for k = 10^^ ~ lOi^ GeV. 
One might wonder if this is in conflict with the LEP2 bound for mn which states that 
rriH < 114 GeV is excluded. We contend that mn ~ 50 GeV is in no conflict with the 
LEP2 bound in the current gauge-Higgs unification scenario. 

The crucial observation is that the ZZH coupling vanishes at 9h = l^r as shown in 
refs. PH and [28]. The WWH and ZZH couplings in the 50(5) x U{l)x model are 
suppressed, compared with those in the standard model, by a factor cos 9h- The process 
e~^e~ ^ Z ^ ZH cannot take place at 9h = i^^r so that the LEP2 bound is not 
applicable. The ZZHH coupling, on the other hand, is multiplied by a factor cos26h 
to the coupling in the standard model [31] so that e'^e^ ZHH can proceed. Light 
Higgs particles might have been already produced. It is of great interest that a similar 
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scenario emerges in a version of the Minimal Supersymmetric Standard Model (MSSM) 
where the lightest Higgs boson has a different coupling to Z from that of the Higgs boson 
in the standard model [17]- |5uj^ and in the strongly interacting light Higgs scenario [lU] . 
A distinctive feature in the gauge- Higgs unification scenario is that the light Higgs particle 
with vanishing WWH and ZZH couplings follows from the dynamics in the theory, but 
not by tuning parameters. 

We would like to mention that the Higgs mass is expected to remain finite to all orders 
in perturbation theory. It is finite at the one loop level as the ^//-dependent part of the 
effective potential V^s is finite as shown originally in ref. [5], generally in ref. [5T] and also 
in the present paper. The finiteness has been shown at the two loop level in a toy model 
of five-dimensional QED.[52] 

A few comments are in order about the estimate of the Higgs mass given in ref. |21j . It 
has been argued there, without either specifying the detailed fermion content or performing 
explicit computation of the effective potential Vesi^Ofj), that in generic gauge-Higgs unifica- 
tion models in the RS space the Higgs mass should turn out in the range 140 - 280 GeV. In 
the present model we have found rriH ~ 50 GeV. The discrepancy stems from a couple of 
sources. First, in the evaluation of the effective potential we observed that the contribution 
from the top quark is halved due to the brane mass interactions. Second, we found that 
the effective potential takes the minimum at 9h = |vr whereas 9h = (0.2 ~ 0.3)7r was 
supposed in ref. [2lj. In the current model rriH oc mv^/l sin 6'//! so that smaller 9^ would 
give larger mn- Thirdly, the c-dependence of Ves{9H) was not well appreciated in ref. [2T] . 
We have seen that for c ~ 0.43 there is partial cancellation between contributions from 
the top quark and gauge fields. If c ~ 0.4 (mj ~ 200 GeV), then tjih would be increased 
by 40% to 73 GeV. The LEP2 bound rriH ~ 114 GeV would be achieved if one takes an 
unreahstic value mt ~ 262 GeV (c ~ 0.31)1] The appearance of the enhancement factor 
kL/2 in various physical quantities remains valid. 



7 Summary and discussions 

In the present paper we constructed an 5*0(5) x U{l)x gauge-Higgs unification model in the 
RS space with top and bottom quarks realized in two multiplets in the vector representation 

^Note that, since the hghtest Higgs is not standard model- hke, the naive decouphng Hmit cannot be 
taken in this Ught Higgs MSSM scenario. In our case, the Kaluza-Klein scale ttikk is related to mw by 
Eq. (|3.9p so that one cannot arbitrarily take mxK oo limit for decoupling. 

^Recall that our model does not need to give nin > 114 GeV because of the vanishing ZZH coupling. 
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(5) of 5*0(5). Additional brane fermions are introduced on the Planck brane to make all 
unwanted exotic particles heavy by brane mass terms, and at the same time to give a 
bottom quark a finite mass. Everything follows from equations of motion derived from the 
action principle with the orbifold boundary conditions. The effective change of boundary 
conditions results for low-lying modes of the Kaluza-Klein towers of exotic particles. The 
effective potential for the Wilson line phase and the Higgs mass are determined from the 
other observed quantities. 

It was shown that the presence of a top quark triggers the electroweak symmetry 
breaking by the Hosotani mechanism. The effective potential was minimized at the Wilson 
line phase 6h = i^^r. The Higgs mass uih is predicted, once mw^ ctw, and zl are 
given. It is found that tuh ~ 50 GeV for zl = 10^^ ~ 10^^. The WWH and ZZH couplings 
vanish at 6h = i^^r so that the LEP2 bound is evaded. We stress that the prediction is 
robust. It does not depend on the values of brane masses so long as the scale of the brane 
masses is much larger than mxK- In short, the top mass determines the Higgs mass. 

One may wonder if the vanishing, or suppression, of the WWH and ZZH couplings 
leads to the violation of the tree unitarity in the scattering of longitudinal components of 
W and Z. In ref. [31] it has been shown that KK excited states of W and Z contribute to 
restore the unitarity at high energies through WW^'^W and ZZ^'^^H couplings. 

Phenomenology of the Higgs particle is of great interest. From the study of the S'f/(3) 
model [23] it is expected that Yukawa couplings of the Higgs particle to quarks are sup- 
pressed compared with those in the standard model. The suppression would be milder for 
the top quark with c ~ 0.4 than that for lighter quarks with c > 0.6. The suppressed 
Yukawa coupling to the bottom quark implies that the Higgs particle has a rather narrow 
decay width. 

When Oh becomes large, generically large corrections are expected for the electroweak 
precision measurements, especially to the 5* and T parameters. [T8| [T9| [201 l25l [26] Our 
model, unlike the preceding ones, does not need any brane dynamics for the effective 
change of the boundary conditions at the TeV brane. It is manifest that our model fits 
into the criteria of ref. [13| for suppressing radiative corrections to the p (T) parameter 
and Zhb coupling thanks to the custodial symmetry in the bulk and on the TeV brane 
and the extended 5*0(5) x Z2 ^ 0(5) symmetry. In ref. [32] it has been pointed out that 
sizable loop corrections to T may result when and t'^ are placed in one multiplet. It is 
important to study such corrections in more detail in our framework. 
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The gauge-Higgs unification scenario predicts significant departure from the standard 
model, particularly in the Higgs sector. The forthcoming experiments at LHC will give us 
clues in understanding the structure of the symmetry breaking and the origin of the Higgs 
particle. 
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